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Summary

There is a vital need for an e�cient and accurate migra-
tion method capable of imaging large 3D complex struc-
tures which are di�cult for a ray-tracing based Kirchho�
migration method to image. We develop a novel depth mi-
gration method termed the extended local Rytov Fourier
migration method. It is based on the scalar wave equation
and a local application of the Rytov approximation within
each extrapolation interval. The method is e�cient due
to the use of a Fast Fourier Transform algorithm. While
it is similar in implementation to the split-step Fourier
migration approach, it is more accurate and can handle
amplitudes of wave�elds more reliably than the split-step
Fourier method. The stability of the method is controlled
more easily than that of the extended local Born Fourier
method that we previously investigated. Migration ex-
amples for a 2D slice of the SEG/EAGE model and the
Marmousi model are given to demonstrate the method.

Introduction

Imaging 3D complex structures has become a great chal-
lenge in recent years. For imaging complex structures,
there is a need for a reasonably accurate method that
is faster than the �nite-di�erence wave-equation based
migration methods. The phase-shift plus interpolation
method (Gazdag and Sguazzero, 1984) and the split-step
Fourier method (Sto�a et al., 1990) are wave-equation
based methods and can handle complex structures bet-
ter than the commonly used ray-tracing based Kirchho�
migration method. The physical basis of the phase-shift
plus interpolation and the split-step Fourier methods are
the same (Popovici, 1996; Huang et al., 1997). Another
Fourier transform based migration method termed the ex-
tended local Born Fourier method was developed recently
(Huang and Fehler, 1997; Huang et al., 1997). It can
handle a wider angle than the split-step Fourier method
for a given level of imaging error. It utilizes the Born
approximation within each extrapolation interval.

We develop an alternative Fourier transform based
method using the Rytov approximation within each ex-
trapolation interval. The method is termed the extended
local Rytov Fourier migration method. It takes into
account the multiple forward scattering due to lateral
slowness perturbations. Its stability is controlled much
more easily than that of the extended local Born Fourier
method. Under the small angle approximation, the ex-
tended local Rytov Fourier method converges to the split-
step Fourier method. We �rst give the formulation of
the extended local Rytov Fourier method, then use the
method to migrate exploding re
ector data for a 2D slice

of the SEG/EAGE salt model (Aminzadeh et al., 1996)
and the shot-gather dataset for the Marmousi model to
demonstrate the applicability of the method. It has also
been used to migrate a 2D �eld shot-gather dataset pro-
vided by Conoco (Fehler, et al., 1998)

Method

The constant density scalar wave equation in the fre-
quency domain is given by
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p(xT ; z;!) = 0 ; (1)

where xT � (x; y), p(xT ; z;!) is the pressure in the fre-
quency domain, v(xT ; z) is the velocity of the medium,
and ! is the circular frequency. Making use of the Rytov
approximation within each extrapolation interval, we ob-
tain the wave�eld extrapolation equation from zi to zi+1

given by
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where p0(xT ; zi+1;!) is obtained by

p0(xT ; zi+1;!) = F�1
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and �(xT ; zi+1;!) is de�ned by
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In the above equations, �z = zi+1 � zi, kT � (kx; ky),
F and F�1 represent respectively forward and inverse
Fourier transforms, and �s(xT ; z) is the slowness per-
turbation given by

�s(xT ; z) = s(xT ; z)� s0(z) ; (6)

where s and s0 are the slownesses of the real medium and
the reference medium, respectively. The vertical compo-
nent of wavenumber is

k0z =
p

k20 � k
2
T ; (7)
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Fig. 1: A 2D slice of the SEG/EAGE 3D salt model. The dark
black region is a salt body.

with k0 = !s0. The term �(zi) is given by (see Huang et
al., 1997)
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The denominator of equation (4) may be equal to or ap-
proach zero, and consequently equation (2) would diverge.
To circumvent this numerical problem, we approximate �
as

�(xT ; zi+1;!) �
p1(xT ; zi+1;!) p
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where \�" represents the complex conjugate and � is a
small real number that can be chosen as

� = � [maxfp0(xT ; zi+1;!) p
�

0(xT ; zi+1;!)g] ; (10)

with a small real number of �. Equation (2) is termed the
extended local Rytov Fourier propagator.

When the propagation angle relative to the main prop-
agation direction (i.e. the positive direction of z-axis) is
small, we have

k0

k0z
� 1 :

Making use of this approximation, equation (4) becomes

�(xT ; zi+1;!) � 1 : (11)

Then substituting equation (11) into equation (2) yields

p(xT ; zi+1;!) � p0(xT ; zi+1;!)
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Equation (12) is the split-step Fourier propagator (cf
Sto�a et al., 1990; Huang and Wu, 1996; Huang and
Fehler, 1998). Therefore, the split-step Fourier method
can be considered as a small angle approximation of the
extended local Rytov Fourier method.
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(a) Split-step Fourier migration
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(b) Extended local Rytov Fourier migration

Fig. 2: Migration images for a 2D slice of the SEG/EAGE
model. The exploding re
ector dataset used was generated by
a �nite-di�erence method.
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Fig. 3: Migration image for the 2D slice of the SEG/EAGE
salt model obtained using the extended local Rytov Fourier
method with � = 0 in the numerator of equation (9) but � 6= 0
in the denominator.

Migration of an exploding re
ector dataset

We used a 2D slice of the SEG/EAGE salt model de�ned
on a grid 1024�320 with a grid spacing of 12.192 m (see
Figure 1) to test the capability of the extended local Ry-
tov Fourier method to migrate a zero-o�set dataset for
a complex medium. The black region in Figure 1 rep-
resents a salt body. There are strong lateral velocity
variations around this salt body. The exploding re
ec-
tor dataset was generated using a �nite-di�erence scheme
with a 4th-order accuracy in space and a 2nd-order accu-
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racy in time. Sources with a Ricker's time history were in-
troduced along velocity interfaces. The central frequency
of the Ricker's time history is 20 Hz. The frequency range
used for migration is from 5 to 60 Hz with 226 frequency
components. The average slowness within each extrap-
olation interval was used as a reference slowness. The
value of � in equation (10) was chosen to be 0.05. Migra-
tions were made using the split-step Fourier method and
the extended local Rytov Fourier method and the images
are respectively displayed in Figure 2(a) and (b). Images
in Figure 2 show that the extended local Rytov Fourier
method gives better images of the upper and lower salt in-
terfaces and subsalt interfaces than the split-step Fourier
method.

If we choose � = 0 in the numerator of equation (9) but
� 6= 0 in the denominator, which follows the same ap-
proach used in deconvolution to eliminate a singularity,
the corresponding extended local Rytov Fourier migration
image is shown in Figure 3. The image in Figure 3 is not
as good as that in Figure 2(b), which demonstrates the
need of introducing a small number in the numerator of
equation (9).

On an UltraSPARC computer with a CPU's clock rate of
approximately 296 MHz, the extended local Rytov Fourier
migration took approximately 4 minutes of CPU time
while the split-step Fourier migration took approximately
3 minutes to migrate the 2D SEG/EAGE dataset.

Migration of the Marmousi dataset

The synthetic shot-gather dataset for the Marmousi
model was used to test the capability of the extended lo-
cal Rytov Fourier method to migrate a prestack dataset
from a complex medium. The dataset was recently mi-
grated using the split-step Fourier method (Roberts et
al., 1997). A portion of the Marmousi velocity model is
shown in Figure 4. The model was discretized with a hor-
izontal grid spacing of 25 m and a vertical grid spacing of
4 m. The main imaging target is the anticlinal structure
around the target region shown in the �gure. The shot-
gather dataset consists of 240 shots with 96 traces per
shot. The time sample interval is 4 ms. The shot and re-
ceiver spacings are both 25 m. The �rst shot was located
at x = 3000 m. Receivers were on the left hand side of
each shot with a minimum o�set of 200 m. The frequency
range used during migrations is from 5 to 60 Hz with 226
frequency components. Migration images obtained using
the split-step Fourier method and the extended local Ry-
tov Fourier method are displayed in Figure 5. Comparing
the region of the images within the ellipses in Figure 5(a)
and (b), we see that the image in Figure 5(b) has a sharper
de�nition than the one in Figure 5(a).

Figure 6 is a blow-up model near the target region of
the Marmousi model. Figure 7 shows the images of the
target region obtained using the di�erent methods. The
re
ectors obtained using the extended local Rytov Fourier
method have better continuity than those obtained with
the split-step Fourier method.
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Fig. 4: Marmousi model.

1

2

3

D
ep

th
 (

km
)

2 3 4 5 6 7 8 9
Horizontal Distance (km)

(a) Split-step Fourier migration
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Fig. 5: Migration images for the Marmousi shot-gather
dataset.
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Fig. 6: Blow-up region around the target region in the Mar-
mousi model
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Fig. 7: Blow-up images around the target region.

Conclusions

We have developed an e�cient wave-equation based mi-
gration method termed the extended local Rytov Fourier
method. The method utilizes the Rytov approximation
within each extrapolation interval. It can be used for
imaging complex structures that are di�cult for the com-
monly used ray-tracing based Kirchho� migration method
to image correctly. We have theoretically and numeri-
cally demonstrated that the extended local Rytov Fourier
method can provide better images than the split-step
Fourier method, especially for regions where structures
are complex and wave�eld amplitudes are important for
imaging.
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